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In Brief
A clonal dynamics analysis of the transition between primary and recall B cell responses in mice reveals a clonality bottleneck that constricts the breadth of the secondary antibody response and limits reentry of previously matured B cells into secondary germinal centers.
INTRODUCTION
One of the hallmarks of adaptive immunity is that the potency of immune responses increases, often dramatically, with repeated exposure totes an antigen. This is most evident in the humoral response, where antibodies generated the second time an antigen is encountered are both more abundant and of higher average affinity than those produced during the first encounter (Gray, 1993) . This progressiveness is widely exploited by vaccination and underlies the need for booster doses to acquire and maintain the high serum antibody titers required for protection.
Enhanced secondary antibody responses are partly explained by the generation, by primary immunization, of a population of memory B cells (MBCs) (Gray, 1993; Kurosaki et al., 2015; Tarlinton and Good-Jacobson, 2013; Weisel and Shlomchik, 2017) that differentiate into antibody-secreting plasma cells (PCs) with extraordinary efficiency upon boosting (Askonas and Williamson, 1972; Moran et al., 2018; Weisel et al., 2010) . At least a fraction of MBCs have undergone somatic hypermutation (SHM) and affinity maturation in germinal centers (GCs) formed during the primary response, which in general endows them with higher affinity for antigen when compared to their unmutated precursors Siekevitz et al., 1987) . This increased affinity synergizes with the efficiency with which MBCs differentiate into PCs to generate the high titers typical of the secondary response.
Whereas the formation and reactivation of MBCs have been studied in detail at the population level (Kurosaki et al., 2015; Weisel and Shlomchik, 2017) , less is understood about how the clonal diversity of responding B cells, and ultimately of the PC compartment, is affected by the transition from primary to recall response. For example, our recent work shows that early GCs triggered by immunization with the model antigen chicken gamma globulin (CGG) contain on average 80-90 independently rearranged B cell clones per GC . Given that MBC generation in mice has been shown to occur most efficiently prior to or early during the GC reaction, when clonal diversity is at its peak (Weisel et al., 2016) , the MBC repertoire is expected to be highly diverse. Notwithstanding, previous studies suggest that only a small number of B cell clones-usually mutated and affinity matured-are productively engaged by booster immunization, at least in the stereotypical (and a priori low diversity) responses of mice to haptens (Blier and Bothwell, 1987; Liu et al., 1996) . Clarifying these dynamics may help explain immunological phenomena such as immunodominance and ''original antigenic sin'' Webster, 1966a, 1966b) and can contribute to our understanding of the rules governing the response to immunization in the presence of previous immunity to an antigen, as is almost always the case with influenza (Victora and Wilson, 2015) .
In addition to rapidly differentiating into PCs, at least some populations of MBCs have the ability to reenter GC reactions upon recall immunization. The rules controlling GC reentry are currently a topic of interest (Dogan et al., 2009; McHeyzer-Williams et al., 2015 , 2018 Pape and Jenkins, 2018; Pape et al., 2011; Shlomchik, 2018; Zuccarino-Catania et al., 2014) . Most studies agree that a subset of MBCs defined either by carrying an immunoglobulin M (IgM) B cell receptor (Dogan et al., 2009; Pape et al., 2007) or by the absence of markers of more mature memory (Zuccarino-Catania et al., 2014) have the potential to reenter GCs when adoptively transferred into different types of recipient mice. However, with one exception (McHeyzer-Williams et al., 2015) , these studies do not address whether this potential is realized under non-transfer conditions, where numbers of memory B and T cells as well as preexisting antibody titers could all play a role. Critically, none of these studies address the relative contribution to secondary GCs of naive-derived B cells, which could potentially compete with MBC-derived clones, restricting their ability to rediversify in secondary responses. Resolving this issue will be important for any attempts to elicit the expansion and hypermutation of B cell clones with defined specificities by iteratively recalling MBCs to sequential GC reactions, as is thought to be required for the generation of broadly neutralizing antibodies to influenza and HIV by vaccination (Burton et al., 2012) .
To clarify these points, we carried out a clonal analysis of the response to protein boosting in mice primed either by protein immunization or by influenza virus infection. We show that, contrary to our expectations, recall GCs are composed overwhelmingly of clones without prior GC experience, likely naive in origin, and rediversification of previously matured MBCs in secondary GCs is rare and restricted to a small contingent of clones. Although a larger fraction of secondary PCs and plasmablasts (PBs) is MBC derived, these compartments are also limited to few clones, while most primary-derived diversity can be found within a pool of largely IgM + MBCs that is not productively engaged by boosting. These findings identify hurdles that may need to be overcome when attempting to elicit highly mutated antibodies to non-immunodominant epitopes, as is thought to be required for effective vaccination against influenza and HIV.
RESULTS
To investigate the clonal dynamics of the recall B cell response, we first immunized mice subcutaneously (s.c.) in the right hind footpad (FP) with the model antigen CGG in alum adjuvant to generate a primary GC in the draining popliteal lymph node (pLN). Thirty days later, when primary GCs have largely subsided ( Figure 1B) , we boosted the contralateral FP of the same mouse with the same protein and adjuvant combination to generate a recall response ( Figure 1A ). This anatomical segregation ensures that the recall response is generated de novo from circulating MBCs, rather than by reactivation of B cells still present in residual GCs in the primary lymph node (LN). GCs in the recall (left) pLN are readily detectable at 6 days and reach peak size at 9 days post-boost ( Figure 1B) . As classically described for the secondary response (Liu et al., 1991) , boost-derived GCs reached higher peak size and decayed more rapidly than those formed by primary immunization ( Figure 1C ), confirming the anamnestic nature of the response.
Secondary GCs Are Clonally Diverse and Have Low SHM Load
We began by determining the clonal composition of recall GCs in this model. We hypothesized that, if recall GCs rely primarily on MBCs generated from the most expanded and affinity-matured clones of the primary response, they would be enriched in larger clones, with higher SHM load, and that would be present across multiple GCs in the boosted pLN. Using in situ photoactivation to isolate B cells from individual GCs by flow cytometry Victora et al., 2010) , we sequenced the Ig genes (Tiller et al., 2009 ) of single B cells from two GCs per pLN obtained at 6 days after boost ( Figure 1D ). For reference, we compared these data to our previously published analysis of day 6 primary GCs under similar conditions .
Counter to our prediction, secondary GCs were at least as clonally diverse as primary GCs (mean Chao1 estimated richness = 94 versus 118 clones per GC, Gini index (a measure of the unevenness of expansion across clones) = 0.26 versus 0.24 for primary and recall GCs, respectively) (Figures 1D and 1E) . The fraction of clones present in both GCs from the same pLN was lower in the recall than in the primary response (mean 17% versus 4.1% of clones also found in the neighboring GC in primary and recall responses, respectively), suggesting that most of the precursors of secondary GC B cells were not present in multiple copies prior to boosting (Figures 1D and 1E) . B cells in recall GCs had SHM loads ( Figure 1F ) that were much lower than those of B cells sorted from the residual primary GCs still present in the right pLN at day 36 postpriming (mean V H nucleotide SHM = 1.8 versus 9.2, respectively) and only slightly higher than those of early primary GC B cells (mean = 1.5), possibly because our earlier data were obtained from mice with only one intact copy of activationinduced deaminase (AID) . Thus, the clonal diversity and SHM load of early recall GCs resemble those of early primary GCs, rather than those of more recently generated memory. Rediversification of heavily mutated and expanded MBC clones is therefore not a prominent feature of the secondary GC response in this setting.
Secondary GCs Contain Mostly B Cells without Primary GC Experience
Our photoactivation experiments showed that recall GCs consisted primarily of B cells with few if any signs of previous GC experience. To test this formally, we fate-mapped B cells activated during the primary response using the Aicda CreERT2/+ . Rosa26 Confetti/Confetti (AID-Confetti) mouse model, in which recombination of a ''Brainbow'' multicolor fate-mapping allele is induced in B cells expressing AID (encoded by Aicda) upon administration of tamoxifen (Dogan et al., 2009; Livet et al., 2007; Snippert et al., 2010; Tas et al., 2016) and then followed the fate of labeled cells after boosting (Figure 2A ). Treatment with tamoxifen by gavage at days 4, 6, and 8 after primary immunization (which spans the late-pre-GC and early GC stages; Schwickert et al., 2011) led to recombination of 70% of all GC B cells, as measured 7 days after the final tamoxifen dose. Imaging of explanted pLNs at 6 days post-boost revealed that fate-mapped B cells were relatively rare in recall GCs. One-third of these structures (34%) were entirely devoid of fate-mapped B cells, and another 46% had <10% labeled B cells (Figures 2B and 2C) . By contrast, fate-mapped cells were abundant in the LN medullary region, where LN-resident PBs are expected to accumulate ( Figure 2D ). Quantification of fate-mapped cells by flow cytometry (as detailed in Figure S1 ) confirmed these observations: whereas on average 70% of primary GC B cells were labeled at day 15 after immunization and 35% of cells were still labeled in residual GCs at day 30, only 3.8% of B cells in recall GCs were labeled at 6 days after boost (Figure 2E) . As suggested by the concentration of fluorescent cells in the LN medulla, an average of 47% of local PBs were fate-mapped when assayed by flow cytometry (Figure 2E ). Thus, the scarcity of fate-mapped clones in recall GCs was not due to a failure to generate recallable fate-mapped MBCs. Identical results were obtained with a different fate-mapping system where the GC-specific and highly efficient S1pr2-CreERT2 bacterial artificial chromosome (BAC) transgenic strain (Shinnakasu et al., 2016) was (legend continued on next page) used to drive recombination of a Rosa26 Lox-Stop-Lox-tdTomato cassette (S1pr2-Tomato mice) ( Figure 2F ). We performed a series of controls to rule out that inefficient recruitment of GC-experienced MBCs to recall GCs was due to our choice of prime-boost protocol ( Figure 2G ). These included: omitting the primary immunization (while maintaining the tamoxifen treatment) to ascertain that labeled cells in the recall were indeed primary derived; omitting the adjuvant from the boost; changing both prime and boost adjuvants to a squalene-based formulation (Addavax) or to a more potent form of alum (alhydrogel) (Cain et al., 2013) ; and changing immunogen from CGG to a recombinant cysteine-stabilized trimeric form of influenza hemagglutinin (HA) H1 A/Puerto Rico/08/1934 (H1 PR8 ) ( Figure S2 ), none of which substantially increased the participation of fate-mapped cells in secondary GCs. Boosting the same LN used for primary immunization resulted in GCs that contained twice the frequency of fate-mapped cells as contralateral boosting (8.6% versus 3.8%), possibly because any recruitment of naive or MBCs in this node is superimposed on a refueling of the ongoing GC reaction by the boost (Schwickert et al., 2009; Shulman et al., 2013) . Priming by intraperitoneal (i.p.) injection increased participation of fate-mapped cells in recall GCs to 11%, suggesting that increasing the number of GC-experienced MBCs generated in the primary response can have a marginal effect on their participation in recall GCs. However, because i.p. priming often induces GCs also in pLNs (unpublished data), a contribution from an ongoing GC reaction in the pLN prior to boosting cannot be ruled out. Thus, predominance of non-fatemapped cells in secondary GCs is robust to common variations in the prime-boost protocol. Previous work in humans has shown that MBCs may be refractory to reentering GCs for a period of time after their generation (Lau et al., 2017) . However, delaying boosting from 1 to 3 months after priming yielded secondary GCs with similarly low proportions of fate-mapped B cells (Figures 2H and S1B) , indicating that such a restriction cannot account for our findings.
The unlabeled majority of B cells in recall GCs could derive either from naive B cells or from early MBCs generated prior to GC formation, which may never have expressed Aicda or S1pr2 while proliferating (Kaji et al., 2012; Weisel et al., 2016) . As an attempt to distinguish between these possibilities, we immunized wildtype (WT) mice (the ''primary'' mouse) either i.p. or in one FP with CGG in alum and, 4 weeks later, joined these mice parabiotically to an allelically marked unimmunized partner (the ''recall'' mouse, Figure 2I ). Because the recall mouse was never in contact with antigen prior to parabiosis, all CGG-specific MBCs, including any early memory, must have derived from the primary mouse. Boosting the recall mouse invariably generated GCs that contained a proportion of primary mouse-derived cells close to that found in the naive B cell compartment of the same pLN, regardless of site of priming ( Figures 2J and 2K ). In contrast, secondary PBs were strongly skewed toward the primary mouse, indicating that detect-able B cell memory was generated and confirming that secondary PBs are mostly MBC derived (Figures 2J and 2K) . Of note, T follicular helper (Tfh) cells were also skewed toward the primary mouse ( Figures 2J and 2K) ; therefore, inefficient participation in recall GCs applies only to MBCs and not to memory T cells, as classically predicted by prime-boost experiments (Liu et al., 1991) . Together, our data show that secondary GCs, while allowing reentry of a small contingent of MBCs, are seeded primarily by B cells without prior GC experience or strong evidence of clonal expansion, which supports a model in which they arise directly from naive precursors.
Following the abundance of fate-mapped B cells in recall GCs (generated as in Figure 2A ) by flow cytometry over time showed no discernible increase in the overall proportion of fate-mapped cells, neither in the short term (day 9) nor in the longer term (day 20) ( Figure 3A ). While memory-derived clones occasionally showed signs of burst-like positive selection-the largest MBC expansion reaching an estimated 60% of the total GC population (Figures 3B and 3C)-these clones were just as likely to be eliminated from recall GCs, accounting for the unchanging average value ( Figure 3D ). Therefore, not only are cells with prior GC experience a minor component of secondary GCs, but prior GC experience is also not sufficient to ensure that these clones have a selective advantage when competing against naive-like clones.
We conclude that secondary GCs are primarily sites of de novo affinity maturation of unmutated B cell clones, rather than of rediversification of previously matured MBCs.
The Memory-Derived B Cell Response Is Clonally Restricted
To investigate the clonal dynamics underlying the scarcity of GCexperienced B cells in recall GCs, we sequenced the Ig genes of fate-mapped B cells sorted from GCs of AID-Confetti or S1pr2-Tomato mice at 6 days after boosting. As suggested by the low color diversity of recall GCs in the Confetti model ( Figure 2B ), fate-mapped GC B cells were focused on a small number of clones ( Figure 4A ). A median of 20 total clones (Chao1 estimate) was present in the entire boosted LN, and 4 clones were sufficient to account for 75% of fate-mapped cells sequenced (N75 index; see STAR Methods) ( Figure 4B ), in marked contrast to the hundreds of clones found in primary GCs at the corresponding time point (Tas et al., 2016 and Figures 1D and 1E) .
A bias of MBCs toward PB and PC fates has been identified in different models (Arpin et al., 1997; Dogan et al., 2009; Kometani et al., 2013; Pape et al., 2011; Zuccarino-Catania et al., 2014) and could explain the higher abundance of MBC-derived cells in the PB compartment in our experiments ( Figures 2D-2F ). To investigate this possibility, we sequenced the Ig genes of fatemapped secondary PB and GC B cells from the same boosted pLNs. Despite the higher proportion of fate-mapped PBs, GC and PB compartments were both low in diversity, with a median 21 and 11 total clones per LN (Chao1) and an N75 of only 6 and 3 clones per LN in GC and PB compartments, respectively (Figure 4D) . Furthermore, the same clone was often found as both a GC B cell and a PB (50% of GC B cells were part of clones found also among PBs and 70% of PBs belonged to clones also found in the GC [Figures 4C and 4D] , and 35% of all expanded clones [>1 cell] were found in both compartments [ Figure 4E ]). SHM analysis showed evidence of repeated recruitment of MBCs from within each clone (recalled PBs mapping to multiple points within the same clonal tree in Figure 4F ). This was confirmed by the presence of cells expressing different Confetti color combinations within the same phylogeny, which, given that Cre recombination occurred during the primary response, must originate from different MBCs ( Figure 4F ). Moreover, single MBCs often generated both GC and PB progeny (arrowheads in Figure 4F ), as evidenced by the observation that, within clones that contained both cell types, 67% of recalled PBs were identical in V H sequence to their last common ancestor with a recalled GC B cell ( Figures 4G and 4H) . Thus, diversion of MBCs toward the PB fate cannot account for the scarcity of MBCderived B cells in secondary GCs in this model.
We conclude that, given that the entire MBC-derived secondary response is clonally restricted, the low frequency and diversity of MBC-derived secondary GC B cells cannot be explained by diversion of MBCs toward the PB fate.
MBCs Harbor a Reservoir of Clonal Diversity Not Detectably Engaged by Boosting
The contrast between the hundreds of B cell clones recruited to a primary response and the oligoclonality of the MBC-derived secondary response suggests that a large fraction of primary clonal diversity is not productively engaged by boosting. To probe for this missing diversity, we used a second experimental system where mice are primed by infection with mouse-adapted influenza (strain PR8) and then boosted subcutaneously with recombinant H1 PR8 protein in adjuvant. In addition to being clinically relevant-humans pre-exposed to influenza by infection are commonly vaccinated intramuscularly with inactivated virus or protein preparations-influenza infection in mice produces a population of MBCs that can be reliably identified using HA tetramers (Frank et al., 2015; Whittle et al., 2014) , allowing us to measure the full diversity of MBC clones at the same time as we trace their boost-expanded progeny.
We primed AID-Confetti or S1pr2-Tomato mice by intranasal infection and fate-mapped activated B cells by tamoxifen administration at 7, 10, and 13 days post-infection, covering the initial period of GC formation. On day 45, we boosted mice in one (AID-Confetti) or both (S1pr2-Tomato) FPs with recombinant H1 PR8 in alhydrogel ( Figure 5A ). Infection elicited a strong GC response in the mediastinal (m)LN, which was still ongoing and efficiently fate-mapped at 45 days after infection ( Figures 5B, S3A , and S3B). As expected, we were able to identify a clear population of MBCs (defined as CD38 + B cells that were fate-mapped and bound the HA tetramer) in the mLN, spleen, and boosted pLN at this time point (Figures 5B, S3A, and S3B ). This population was completely absent from uninfected tamoxifen-treated controls, confirming the specificity of tetramer staining in the fatemapped population ( Figure S3C ). As with our CGG prime-boost model (Figure 2E ), the fraction of fate-mapped cells in recall GCs was low, decreasing from a median of 4.4% in incipient GCs at day 6 to 0.18% in the larger GCs found at day 9 postboost ( Figure 5B ). Boosting with variant recombinant HAs (pandemic H1 A/California/07/2009 and H5 A/Indonesia/05/2005) yielded similar results ( Figure S3D) . Thus, the generation of a large MBC compartment by influenza infection was not sufficient to overcome the dominance of non-fate-mapped B cells in secondary GCs, regardless of whether boosting was homologous or heterologous.
To probe for the missing clonal diversity, we sequenced Ig genes from single-sorted B cells from multiple compartments (legend continued on next page) (GCs, MBCs, and PBs/PCs from the primary mLN, recall pLN, spleen, and bone marrow [BM]) at 6 days after homologous boosting, a time point when all of these populations were consistently present ( Figure S3A ). For primary GCs and all MBCs, we sorted only H1 PR8 -binding (HA + ) fate-mapped (FM + ) B cells, whereas we sorted all FM + cells from recall GC and PB compartments (BM PCs were additionally restricted to IgM -IgAcells to decrease contamination by bystander (e.g., gut derived) GC responses). We also sorted non-fate-mapped B cells from the recall GC (pie charts in Figure 5C ) to determine the full diversity of this compartment. The clonal maps in Figures 5C and S4A show the clonal distribution of cells in each compartment and the clonal relationships between compartments. Diversity data are summarized in Figures 5D and S4B .
Secondary GCs were again highly diverse, with a median of >200 estimated total clones (Chao1) and N75 of 28 clones (Figure S4B) . As with CGG immunization, these clones were largely unmutated at this stage ( Figure S4C ). Analysis of non-fate-mapped cells from S1pr2-Tomato mice revealed no clonal overlap between the left and right pLNs, again suggesting that this population derives primarily from precursors that were not previously clonally expanded ( Figure S5A ). In contrast, GC B cells from the fate-mapped minority were strikingly oligoclonal, with only 1-6 clones accounting for 75% of cells in all cases ( Figures  5D and S4B) . Results were essentially identical for the much larger GCs found at day 9 post-boost ( Figures S5B-S5D ). The secondary pLN PB compartment was also clonally restricted (median N75 = 5 and Chao1 = 25 clones at day 6 post-boost; Figure S4B ), despite the large primary response induced by PR8 infection. Secondary GC and PB compartments were largely mutually exclusive ( Figures 5C and S4A) , in contrast to the marked overlap between compartments found for CGG immunization ( Figure 4) . Total clonality was higher in BM PCs (N75 = 22 and Chao1 = 129 clones), as expected given that this population is not restricted to clones induced by the HA boost. However, even though the precursors of BM PCs were fate-mapped during the primary response (predominantly directed to the influenza nucleoprotein; Allie et al., 2019) , most expanded BM PC clones were inferred to be HA specific, given that they were also detected among pLN PBs and HA + MBCs. Together with the observation that the titers of HA-specific IgG in serum rose by 10-fold upon boosting ( Figure S3E ), this suggests that a substantial fraction of the influenza-specific BM PCs must derive from the boosting of MBCs, rather than directly from the primary infection.
In contrast to recalled GC and PB and/or PC compartments, mLN and splenic MBCs were much more diverse, with an average of >200 and 100 estimated clones (Chao1), respectively. Plotting the clonal diversity (Chao1) and dominance (N75) of MBCs, secondary GCs and secondary PBs showed a clear segregation between memory and recalled compartments, indicative of a bottleneck restricting the access of MBC clones to the secondary response ( Figure 5D ). Memory clones could be divided roughly into two compartments: an oligoclonal compartment composed of clones also found among secondary GCs or PBs/PCs (''used'' memory) and a highly diverse compartment comprising clones that were not detectably engaged by the secondary response (''unused'' memory; Figures 5C and S4A ). Used memory clones represented 38% of cells and 25% of clones in the splenic MBC compartment (with the caveat that the frequency of used MBCs could potentially be inflated by distal responses to boost antigen), but these same clones accounted for almost the entirety (83%) of secondary PBs (Figure S4D ). Used and unused MBC clones differed in several other aspects: used clones tended to be more expanded ( Figure 5E ) and were more likely to be found across multiple MBC compartments (although unused memory was also on occasion found across compartments, indicating that at least part of this population is both clonally expanded and recirculating; Figure 5F ). Used MBC clones were also found more frequently in the late primary mLN GC ( Figure 5G ), suggesting that they derived from clones that were successfully expanded and maintained in the primary response. Unused MBCs were more likely to contain IgM + cells ( Figure 5H ) and had lower SHM loads ( Figure 5I ), implying that they originated predominantly from pre-GC or early GC stages. Total MBC clonal diversity in mLN, spleen, and pLN was estimated at 300 clones per mouse, of which a median of 27 were detectably recalled by boosting ( Figure 5J ).
We conclude that the relative inability of B cells with primary GC experience to reenter recall GCs and the clonal restriction of the PB compartment are common features of the secondary B cell response, regardless of the mode of priming. Such (B) (Left) GC size (percentage of GCs of all B cells); (Center) percentage of fate-mapped cells in GC and PB compartments; and (Right) MBCs per 10 6 B cells, at different time points after primary influenza PR8 infection (gray symbols) or boosting with homologous H1 PR8 protein (green symbols). Each symbol represents one mouse; bar represents median; data are pooled from 2-3 independent experiments. Equivalent data for the S1pr2-Tomato strain are presented in Figure S3B . (C) Clonality maps tracking fate-mapped clones across multiple compartments. FM + , only fate-mapped cells sorted; HA + , only H1 PR8 -binding cells sorted. Clones present in more than one compartment are connected and depicted in color. Pie chart insets show clonal distribution in the entire secondary GC, including nonfate-mapped cells. Equivalent data for 2 additional mice is shown in Figure S4A ; clonal diversity and dominance data for all mice are summarized in Figure S4B . Figures 5C and S4A, (A restriction occurs despite the presence of a clonally diverse but unused population of antigen-specific MBCs, indicating that boosting involves strong focusing on a broad MBC compartment onto a narrow subset of dominant clones.
Secondary Responses Draw Repeatedly from a Limited Set of MBC Clones Characterized by Higher Germline Affinity
To gain insight into the histories of the MBC clones that dominate the secondary PB/PC response, we constructed mutational phylogenies for selected clones from the experiments described in Figures 5C and S4A and indicated the points from which MBCs and recall PCs were exported, as well as the position of any B cells still present in primary mLN GCs (Figures 6A and  6B) . B cells from the primary mLN GC preferentially occupied more distal branches, as expected from their longer mutational history. Multiple SHM variants of each clone could usually be found among MBCs, indicative of repeated export throughout the history of the GC (Figures 6A and 6B ). As with CGG priming (Figures 4F and 4G) , local PBs could often be traced back to multiple independently recalled MBCs (in two more extreme cases, 6 distinct SHM variants of the same clone were detected among pLN PBs; Figures 6A and 6B ). This effect was even more pronounced for BM PCs (21 SHM variants detected in the most extreme case; Figure 6A ), although in this case direct recruitment from the primary (mLN) GC cannot be ruled out. Repeated recruitment of the same MBC clone was confirmed by the finding of different variants of the same clone populating the PB compartment in both right and left pLNs in S1pr2-Tomato mice in which both FPs had been boosted ( Figures 6B and S5A) . MBCs were exported from points that spanned their clone's entire phylogeny ( Figures 6A and 6B, red arrowheads) . Local PBs and BM PCs (green and blue arrowheads, respectively) were also scattered broadly, without consistent bias toward the recall of later, presumably more affinity matured, SHM variants. These trends were confirmed by global analysis of the SHM patterns of all recalled clones ( Figure 6C ). Whereas the distribution of SHM numbers among total MBCs (from both used and unused clones) was strongly skewed toward zero or few mutations, the distribution of used MBCs, pLN PBs, and BM PCs was evenly distributed across the SHM spectrum (as indicated by higher overall SHM and skewness levels that were closer to zero) and often included variants with zero V H mutations. This implies that a clone's initial V(D)J rearrangement, rather than time of export or extent of SHM and affinity maturation, is the dominant factor in determining MBC recall efficiency. To investigate this, we produced antibodies from the unmutated common ancestor (UCA) sequences of 18 used MBC clones from AID-Confetti mice (Figures 5C and S4A) and a matching number of unused MBC controls. Assaying the binding of these clones to H1 PR8 by ELISA showed that, overall, used MBCs started from higher-affinity UCAs than unused MBCs ( Figure 6D ), implicating initial affinity as at least one of the factors that drives a naive B cell to generate recallable memory. Interestingly, several of the used memory UCAs clustered within a range that was beyond that of the highest binding unused memory UCA. Measurement of F ab affinities for the top four UCAs in this cluster by biolayer interferometry ( Figure 6E ) showed that all four bound to HA PR8 with K D s in the 100 nM range (whereas unused F ab s had K D s that were too low to accurately measure), suggesting that germline affinities in this range favor the generation of recallable B cell memory.
We conclude that secondary PBs/PCs generated by homologous boosting derive from repeated recall of MBCs from a small subset of dominant clones generally derived from higher-affinity germline precursors, regardless of when these MBCs were exported into memory. This explains how a population of MBCs that is generated mostly in early (and clonally diverse) stages of the primary response can generate a secondary response that is clonally restricted and affinity matured. It also suggests that a clone's germline affinity for antigen at the time of priming is a key factor in determining whether this clone can be efficiently recalled by homologous reimmunization.
DISCUSSION
Using realistic models of sequential antigen exposure at different anatomical sites, we reveal two prominent features of the clonal composition of the recall B cell response. First, rather than being composed primarily of previously matured B cells, secondary GC B cells were almost exclusively derived from a new repertoire of precursors without primary GC experience. This finding has implications for vaccination by sequential immunization, since it implies that this approach may benefit from strategies aimed at increasing the participation of previously mutated MBCs in secondary GCs. Second, only a minority of MBC-derived clones reenter GCs or contribute substantially to PB/PC compartments upon recall, while most of the diversity generated by priming is relegated to a pool of IgM + , low SHM MBCs not detectably engaged by the boost. This constriction of the MBC repertoire by boosting could potentially play a role in immunodominance, since decreased clonal diversity is likely to be associated with narrower epitope diversity.
The B cells that come to dominate secondary GCs are not labeled in either of our fate-mapping lines. Given the high efficiency of fate-mapping in both systems, this finding largely rules out prior GC experience among this dominant population. Moreover, parabiosis shows that naive B cells from the unimmunized parabiont are abundant in secondary GCs and, conversely, that the predominant precursors of secondary GCs are not in enough excess in the primed parabiont to skew secondary GC composition. These clones are also less likely to be shared between individual recall GCs in our photoactivation experiments (Figures 1C and 1D) or between right and left pLNs in S1pr2-Tomato mice ( Figure S5A) , again suggesting little if any prior clonal expansion. While these findings strongly suggest that most B cells in secondary GCs are naive derived, we cannot strictly rule out that these cells interacted with antigen in some form during primary immunization. We therefore refer to this population as ''likely naive derived.'' Regardless of the true nature of these cells, however, our findings suggest that the primary task of secondary GCs is to restart affinity maturation de novo rather than to refine previously matured MBCs. This preference may counteract the focusing of antibody responses on conserved epitopes and could explain why continuous exposure to influenza variants over life does not commonly lead to a robust cross-protective response to the conserved portions of HA (and may in fact actively move the response away from such epitopes (Ellebedy et al., 2014; Victora and Wilson, 2015; Wrammert et al., 2011) ).
It should be emphasized that a limited number of MBCderived and previously mutated clones were readily detectable in secondary GCs, and at least some of these clones underwent substantial expansion and rediversification upon boosting. Thus, productive participation of MBCs in secondary GCs is clearly possible, although relatively rare. These dynamics may explain the apparent discrepancy between our findings and those of prior studies (Dogan et al., 2009; McHeyzer-Williams et al., 2015; Pape et al., 2011; Zuccarino-Catania et al., 2014) , which focused primarily on the populations of MBC-derived cells capable of reentering GCs rather than on the entirety of the secondary GC response. The ability of mutated MBCs to enter GCs with some efficiency provides an avenue that, if better understood, could be exploited for vaccination strategies that require sequential affinity maturation (Burton et al., 2012) .
Although several hundred B cell clones can be engaged by primary protein immunization even in a single LN , recall GC and PB responses are consistently dominated by fewer than 10 MBC-derived clones. We found that at least part of this missing primary diversity resides within a highly diverse MBC compartment that is composed primarily of less expanded clones of predominantly IgM isotype and lower SHM content, suggesting these cells spent little if any time in a GC. Although the significance of this reservoir is unclear, these cells may represent a pool of antigen-experienced B cell clones that are pre-authorized to quickly become PCs upon restimulation with distantly related antigens. Evidence of this type of response can be found in human studies in which subjects mount rapid MBC-derived PB responses to antigens that they have not previously encountered, such as HA H5 and Plasmodium falciparum circumsporozoite protein (Ellebedy et al., 2014; Murugan et al., 2018) .
By contrast, the minority of MBC clones engaged by homologous boosting was drawn from repeatedly, with no apparent bias toward recalling earlier or later SHM variants but with a preference for clones with higher germline affinity. This suggests that the properties of a clone's initial V(D)J rearrangement, including its initial affinity for antigen, are a stronger predictor of whether this clone will be recalled than the extent of its affinity maturation or the overall timing of MBC export from the primary response. This model accommodates both the landmark finding by Weisel and Shlomchik (Weisel et al., 2016 ) that most MBCs derive from pre-GC or early GC phases (and must therefore be clonally diverse and low in SHM and affinity) and the classic hapten-carrier studies suggesting that secondary responses are not only higher in average affinity and SHM content than primary responses but also appear to be clonally restricted (Blier and Bothwell, 1987; Liu et al., 1996) .
The reason for the paucity of MBC-derived B cells in recall GCs is unclear. Although current models of clonal selection and affinity maturation imply that MBCs should be both higher in affinity and present at higher precursor frequencies than naive B cells specific for the same antigen (Weisel and Shlomchik, 2017) , the relatively inefficient generation of MBCs seen in experiment (Krishnamurty et al., 2016; Liu et al., 1996; Purtha et al., 2011; Weisel et al., 2010) suggests that the number of MBCs generated by a single antigen encounter is exceedingly small, especially when spread across subsets with different propensities to enter GC reactions (Dogan et al., 2009; Onodera et al., 2012; Pape et al., 2011; Zuccarino-Catania et al., 2014) . Conversely, our previous work shows that the number of naive B cells with sufficient affinity to enter a primary GC reaction is quite large , likely in the several hundreds even for a single antigen. This number could be increased even further by the greater availability of T cell help in recall responses, which can dramatically lower the affinity required for naive B cells to access the GC (Schwickert et al., 2011; Silver et al., 2018) . This ''numbers game'' could provide a simple explanation for why secondary GCs would be dominated by naive-derived B cells and would not require specific mechanisms suppressing MBC GC reentry. On the other hand, priming strategies that should in principle generate a much larger primary response, such as i.p. immunization or influenza infection, failed to flip the balance of secondary GCs toward MBCs or to increase the clonal diversity of recall PBs/PCs, suggesting that factors other than precursor numbers may also be at play. One such factor is negative feedback by antigen-specific antibody, which could limit GC entry of clones specific for epitopes targeted by serum antibody and has been found to affect both the selection of high-affinity cells in primary GCs (Zhang et al., 2013) and the magnitude of antigen-specific primary responses (Bergströ m et al., 2017) . In adoptive transfer models, antibodies produced by IgG + MBCs could inhibit the formation of secondary GCs by IgM + MBCs, providing a precedent for such a model (Pape et al., 2011) .
If applicable to humans, our findings have implications for vaccine design, since they imply that iteratively recruiting MBCs into recall GCs by repeated immunization is an inefficient process. Greater understanding of the mechanisms that govern MBC generation and propensity for recall should allow us to devise immunization approaches that allow greater GC reentry by MBCs, increasing the probability of sequential affinity maturation. Specific strategies may also be required to subvert the clonal focusing that occurs upon boosting, so as to favor less-dominant clones. These may include the use of immunogens specifically designed to escape antibody feedback by B cell clones already represented in serum (Dosenovic et al., 2015; Escolano et al., 2016) , as well as avoiding the need for GC reentry entirely by refueling ongoing GCs in the same site (Dosenovic et al., 2015; Escolano et al., 2016; Shulman et al., 2013; Tian et al., 2016) . Our data also suggest that, in order to be efficiently targeted by sequential immunization, an epitope must be rendered dominant from the very beginning. This provides theoretical support for efforts to target epitopes of interest by engineering high-affinity germline-targeting immunogens (Dosenovic et al., 2015; Jardine et al., 2016) or eliminating or occluding normally immunodominant regions (Bajic et al., 2019; Duan et al., 2018; Escolano et al., 2019; Kulp et al., 2017; Sun et al., 2019; Weidenbacher and Kim, 2019) .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Sequence analysis
Paired-end sequences were assembled with PandaSeq (Masella et al., 2012) and processed with the FASTX toolkit. The resulting demultiplexed and collapsed reads were assigned to wells according to barcodes. High-count sequences for every single cell/ well were analyzed. Ig heavy chain and Ig light sequences were aligned to the online databases to determine the V(D)J arrangements and the number of somatic mutations compared to putative germline precursors. Given the presence of both IgM a and IgM b alleles in AID-Confetti mice, we aligned our sequences to both the IMGT (Lefranc et al., 2009 ) and Vbase2 (Retter et al., 2005) databases, choosing the assignment yielding the lowest number of somatic mutations in case of discrepancy. Sequences with a common V H /J H gene and the same CDR3 length were grouped and classified automatically into clonal lineages if CDR3 nucleotide identity was 75% or higher. All sequences were then manually curated based on characteristics such as V-region SHM patterns and presence of stretches of mismatches at junctional regions. This resulted in further joining of sequences deemed to belong to the same clone, but which fell below 75% CDR3 nucleotide identity. Assignments were confirmed by light chain sequencing of all expanded clones from Figures 5C and S4A as well as selected clones from other experiments (see Data S1). For the minority of clones in which a rearranged Igh gene was not detected, clonality was established using Igk sequence. V H mutation analyses were restricted to cells with productively rearranged Igh genes. Clonal lineage trees were inferred with GCtree (DeWitt et al., 2018), using the unmutated V gene sequence of the V(D)J clonal rearrangement for outgroup rooting.
Monoclonal antibody production and binding measurements Heavy and light chain sequences were obtained from 18 used MBC clones found in AID-Confetti mice plus an equal number of clones from the unused MBC compartment. To avoid bias from random sampling, used MBC clones were selected by first ordering them by HA tetramer fluorescence intensity (measured by FACS) and picking every nth clone so that the 18 clones spanned the entire fluorescence range. For each used clone, we picked one unused control with matching HA fluorescence. Sequences were synthesized and assembled into Ig production vectors by Twist Biosciences. Plasmids were transfected into 293F cells and mAbs and Fabs (histagged) were purified using respectively protein-G or Ni-NTA affinity chromatography as described . Antibody binding was determined by ELISA as described . Briefly, wells were coated with 2 mg/ml recombinant HA (pre-thrombin treatment) in PBS at 4 C overnight. Wells were blocked with 2.5% BSA for 1-2 h at room temperature after 3 washes with PBS. mAbs were diluted to the specified concentrations in PBS supplemented with 0.5% BSA and 0.05% Tween20 and incubated in the wells for 1 h. Wells were washed 4 times with PBS with 0.05% Tween20 (PBS-T) before incubation with anti-human IgG conjugated to horse radish peroxidase (HRP). To determine serum titers of anti-HA PR8 IgG, ELISA was performed using 3-fold serial dilutions of serum samples starting at 1/100 and detection with anti-mouse IgG-HRP, followed by development with TMB (slow kinetic form, Sigma). Absorbance at 450 nm was measured on a Fisher Scientific accuSkan FC plate reader. Titers were determined as lowest concentration to reach an absorbance of 0.2 (interpolated linearly from the dilutions immediately above and immediately below 0.2 after background subtraction). Affinity measurements were carried out on a ForteBio Octet Red96 instrument as described . High Precision Streptavidin sensors were loaded with 5 mg/ml biotinylated HA PR8 and 600 nM Fabs in PBS supplemented with 0.1% BSA and 0.02% Tween20. Affinities were determined by partial fitting after subtraction of the HA-only background, using ForteBio Octet Analysis Software v. 10 software.
QUANTIFICATION AND STATISTICAL ANALYSIS
The Gini index was used to determine the evenness of clonal distribution across a population, and was calculated using the online tool available at http://shlegeris.com/gini (last accessed 07/18/2019). The Chao1 index was used as an estimator of total clonal richness, as described (Chao, 1984; Tas et al., 2016) . Calculations were performed using EstimateS software (Colwell et al., 2012) . The Chao1 index provides a rough estimation of the lower bound of the total number of clones present in an ensemble, including any smaller clones. To estimate the diversity of the most expanded clones in numbers (rather than as a fraction, as with the more commonly used D50 and D75 indices), we calculated the number of clones accounting for 75% of sequenced cells, which we termed the ''N75'' index. This measurement is relatively insensitive to sampling depth if the proportion of singletons in the sample does not exceed 25%, but is sensitive to sampling when samples contain > 25% singletons. Therefore, this index will tend to underestimate the clonality of highly diverse samples such as MBCs. Statistical tests used to compare conditions are indicated in figure legends. Statistical analysis was carried out using GrahPad Prism v.8. Flow cytometry analysis was carried out using FlowJo v.10 software. Skewness was calculated in GraphPad Prism using the g1 method. Graphs were plotted using Prism v.8 and GCtree, and edited for appearance using Adobe Illustrator CS. Statistical details of experiments are provided in the results, figures and corresponding figure legends. Ig sequencing data is available in Data S1. Cysteine-stabilized HAs were produced in CHO cells and purified as detailed in the STAR Methods. Left, stained SDS-PAGE gel of H1 PR8 under reducing and non-reducing conditions. HA is shown prior to and after thrombin digestion to remove trimerization, biotinylation, AviTag, and HisTag domains. Right, non-reducing SDS-PAGE gel of HAs used for heterologous boosting (pandemic H1 A/California/07/2009 (H1 Cal ), and H5 A/Indonesia/05/2005 (H5 Ind )) after thrombin digestion. Both strips are cropped from the same gel. Figure S3 . Flow Cytometric Analyis of Fate-Mapped B Cell Responses Following Influenza Infection, Related to Figure 5 (A) Gating strategy used for sorting the cell populations sequenced in Figures 5C and S4A . Only AID-Confetti mice are shown. Mice were infected and boosted as in Figure 5A . Plots are from day 6 post-boost. Gating is shown for mLN, boosted pLN, spleen, and BM. Gates sorted for sequencing are in green (percentage of parent indicated), and correspond to the cell populations shown in the clonality map in Figure 5C .
Supplemental Figures
(legend continued on next page) Figure S4 . Clonal Analysis of the Response to HA Immunization Following Influenza Infection, Related to Figure 5 (A) Clonal maps showing distribution of clones across different compartments 6 days post-boost. Data as in Figure 5C , showing two additional mice. In mouse 4, FM+ cells were present in only one pLN GC. (B) Quantification of clonal dominance (N75) and total diversity (Chao1) in different compartments for all 4 mice. Data are for two AID-Confetti and two S1pr2-Tomato mice (Figures 5C and S4A) . Each symbol represents one mouse, except for S1pr2-Tomato pLN cells, where both FPs were boosted and each symbol represents one pLN. One sample of FM + pLN GC B cells from S1pr2-Tomato was omitted from the analysis due to low cell count. Bar represents median. 
